Attachment and penetration of influenza virus into clone 1-5C-4 cells were quantitatively determined by the immunofluorescent cell-counting assay. Aided by centrifugal force, more than 95% of virus inocula of five representative influenza virus strains (Ao/PR8, Al/Ann Arbor, A2/Japan, B/Lee, B/Great Lakes) were attached to cells at a linear rate within 10 min, in contrast to approximately 35% after stationary incubation at 35 C for 2 h. By the former procedure, a proportionality between the number of infected cells and volume of inoculum was revealed which was not evident when stationary incubation was employed. Maximal binding of virus to cells occurred at 0.2 M NaCl. The salt requirement, added to evidence of pH dependence and temperature independence, indicated that the initial virus-cell union involved electrostatic forces. Virus penetration into cells, measured by the insensitivity of virus-cell complexes to antiviral serum, was linear and complete within 15 min at 35 C for all five virus strains tested. Maximal virus penetration occurred at 0.1 to 0.2 M NaCl; the process was pH-and temperaturedependent. Both virus attachment and penetration processes were partially inhibited in the presence of diethylaminoethyl-dextran.
The early steps of interaction of animal virus and cells include the primary attachment of virus and its subsequent irreversible attachment, which is considered the first step in the penetration of virus or virus genome into the cell (26) . Our knowledge of these early events in relation to influenza virus-host cell reactions (16) has been considerably enhanced by utilizing a model system, viz., erythrocyte agglutination by virus. However, this system is not in all respects an adequate model for the early interaction of virus and cells, because some steps in the host cell system may be missing or less pronounced in the erythrocyte system (26) . The kinetics of the early interactions of influenza viruses in cell culture systems have not been studied extensively. A wide disparity of cell attachment and penetration rates has been reported for these myxoviruses (4, 8, 14, 20, 35, 36, 38) . In part, this circumstance may reflect the diversity of both biological systems and methodology that have been employed. To characterize accurately early virus-cell interactions, a method for delineating virus attachment and penetration, a homogenous host cell system that is conducive for experimental manipulation of environmental conditions, and a quantitative procedure for assessment of influenza virus infectivity are prerequisites. In anl effort to fulfill these requirements, centrifugal force was employed to delimit virus attachment and penetration, and virus infectivity was assayed by the highly sensitive and specific immunofluorescent cell-counting technique on a uniform cellular substrate.
This report describes the attachment and penetration of cell cultures by influenza viruses and the environmental factors affecting the efficiency of these interactions. In this study, the terms employed to denote these early stages are defined as follows: "attachment" is the initial, specific union between virus and cells which may or may not be reversible. "Penetration" refers to the sequence of events starting with irreversible attachment followed by the entrance or incorporation of virus into cells as measured by the progressive insensitivity of virus-cell complexes to viral antiserum. "Adsorption" is a general term referring to the various interactions and processes involved in the initial binding of virus to cells, leading to the loss of identity of the former. Its implications of physiochemical nonspecificity limit its descriptive usefulness (26, 39) .
MATERIALS AND METHODS
Cell cultures. Cloine 1-5C4 derived fronm a variant line of Chang's conjunctival cell (49) was propagated with Eagle minimum essential medium (MEM) containing 10% fetal calf serum (FCS) . Cells were maintained with MEM plus 5% FCS. For virus asay, cells were cultivated on circular cover slips (15 mm Cover-slip cell monolayers were then rinsed in two changes of PBS and mounted on slides with a semi-permanent medium (31) .
Virus assay. Virus infectivity was determined in duplicate by the immunofluorescent cellcounting technique. For this procedure, virus dilutions were prepared in PBS (0.15 M NaCl, 0.01 M phosphate), pH 7.1. Inoculum in 0.2-ml volume was introduced directly onto cover-slip cell monolayers after their transfer from glass vials to rotor chamber inserts (10) . The latter were employed because they withstand the centrifugal force required to sediment virus. Rotor chamber inserts placed in a swinginig-bucket SB-110 rotor were centrifuged in a model B-5O ultracentrifuge (International Equipment Co., Needham Heights, Mass.) at 10,000 rpm (9, 838 to 16,155 X g, depending on the distance of the chamber insert in the arm of the rotor from the axis of rotation) for 12 min at 6 C. Preliminary determinations established that more than 90% of virus inoculum was sedimented under these conditions. Residual inoculum was removed after centrifugation, the cover-slip cell monolayers were placed into glass vials, and 1 ml of maintenance medium was then added to each vial. After further incubation at 35 
RESULTS
Quantitative aspects of virus assay. Before investigating the early interactions between virus and cell, the parameters of the immunofluorescent cell-counting technique employed for the assay of influenza virus infectivity were determined. The rate of appearance of fluorescent viral antigens was followed by making sequenitial observations of inifected cell monolayers during a 24-h incubation period.
Specific nuclear fluorescence in infected cells was noted 6 h after infection, which subsequently increased in amount and intensity. Many infected cells also exhibited both nuclear and cytoplasmic fluorescence within 24 h of infection ( Fig. 1) . Fluorescent cells increased linearly in number within 4 to 8 h of inifection; a lplateau was reached at 12 h (Fig. 2) . Thereafter, the number of infected cells was constant throughout the remainder of the observation period. Since the maximal number of infected cells were visualized by fluorescence staining between 12 and 24 h, infected cells were enumerated during this period.
The dose-response relationship between twofold dilutions of virus over a range of 1.2 log units and the number of CIU of virus was linear (Fig. 3 ). This suggests that each fluorescent cell resulted from infection by a single infective virus particle or aggregate not divisible by dilution.
Ten determinations were made to estimate the precision of the assay by infecting cell monolayers with a standard quantity of virus inoculum and then by treating in the prescribed manner. The number of CIU of virus per ml of inoculum ranged from 2.9 X 107 to 3.9 X 107, with a mean of 3. Trhe mode of distribution of fluorescenit cells on an infected cover-slip cell monolayer was determined by examining 200 random microscopic fields. Observed frequencies of fluorescent cells corresponded closely to theoretical frequencies (Fig. 4) . Because there was no significant departure from the theoretical Poisson distribution (X2 = 1.322 with degree of freedom = 5), the distribution of fluorescent cells on cover-slip cultures was random.
Virus attachment. That the use of centrifugal force is highly efficient for promoting virus attachment onto cells has been demonstrated with several different virus-cell systems (10, 12, 25, 47) . Rates of attachment of five influenza virus strains onto cell monolayers were determined during stationary incubation (35 C) and centrifugation (6 C). Each virus inoculum contained an input MOI of 0.01. Aided by centrifugal force, more thani 95% of the virus inoculum of all influenza virus strains were attached within 10 min; after stationary incubation for Higher estimates of the quantity of virus attached to cells by stationary incubation have been reported (20, 36, 38, 48) than that noted in the previous experiment. This may be a reflection of the procedure used to measure the free virus content of residual inoculum. To investigate this, an experiment was performed in which virus inoculum was attached to cell monolayers using stationary incubation (35 C, 2 h). Residual inoculum was then introduced onto new cell monolayers either by centrifugation or stationary incubation (35 e, 2 h). Results show that the free virus content of residual inoculum, attached by either stationary incubation or centrifugation, was 13 and 58%, respectively (Table 1) . In calculating the initial quantity of virus attached to cells, it is evident that these estimates can be markedly influenced by the efficieincy of the procedure employed to assess for unattached virus in residual inoculum.
That thermal inactivation may drastically reduce the viability of virus inoculum during these lengthy periods of incubation was investi- gated by determining the lability of influenz viruses at 35 C. The half-life of four virus strains that were tested ranged from 55.2 to 58.4 min ( Table 2) . Less than 25% of the original virus inoculum was viable at 2 h. The rates of inactivation (K) at 35 C for the representative virus strains were comparable. Further evidence of the efficienicy of cenitrifugation for the attachment of influenza virus inoculum onto cell monolayers is shown in Table 3 . When inoculum was centrifuged, a proportionality between the number of infected cells and volume of inoculum was revealed which was not evident when stationary incubation was employed. The inefficiency of the latter procedure has been encountered in virus plaque assays, notably, by the disproportionality between inoculum size and plaque number (1, 6).
The effect of temperature on the attachment of influenza virus to cells during centrifugation was studied by sedimenting inoculum onto cell monolayers at temperatures that ranged from 5 to 35 C. With the exception of this variable, the procedure for virus attachment and assay was similar to that described earlier. The initial binding of virus to cells was found to be independent of temperature.
The attachment response of viruses to host cells is affected by variations in the pH of the suspending medium (12, 19, 30, 40) . To determine whether the influenza virus-host cell system currently under study is also affected, (Table 4) . Virus attachment markedly decreased at both acidic and alkaline conditions corresponding to intervals at which ionization of carboxyl and amino groups are depressed (40) .
The quantity of virus attached to cells as a function of NaCl concentration was investigated. Virus dilutions were prepared in 0.01 M phosphate buffer containing concentrations of NaCl ranging from 0.01 to 0.5 M. The maximal binding of virus to cells was achieved with 0.2 M NaCl buffer with greater or lesser salt concentrations inhibiting virus attachment (Fig. 6 ).
Inhibition of virus attachment was more marked, however, with NaCl concentrations below 0.2 M.
Virus penetration. The rate of penetration of five representative strains of influenza virus into cells at 35 C was followed by determining the insensitivity of attached virus to antiviral serum at designated times. Viruses were introduced onto cell monolayers at a MOI of 0.01. The penetration of each of the five virus strainis into cells was similar (Fig. 7) . Penetration proceeded at a linear rate; the process was complete within 15 miii. The penetrationi rate con1-stanit (K) for the influenza viruses was approximately 2.3 X 10-7 cms/min. The effect of different temperatures (35, 26 , and 6 C) on the penetration of influenza (PR8) virus into cells was investigated. The experiment was performed in a manner similar to that of the preceding test. The results indicate that virus penetration into cells is temperature-dependent (Fig. 8) . At 35 C, 50% of attached virus penetrated into cells in 7.5 min, but at 26 C penetration of an equivalent quantity of attached virus occurred in 58 min. At 6 C, only 5% of attached virus penetrated into cells within 60 min.
The influence of pH on the penetration of virus into cells was determined by adding prewarmed (35 C) Sorensen PBS, adjusted to pH values ranging from 5.4 to 8.0, immediately after virus attachment to cells. As in preceding experiments, penetration was followed by the insensitivity of attached virus to antiviral serum.
Results show that the maximal penetration of virus occurred between pH 6.2 and 7.2 (Table 5 ). The influence of pH on virus penetration, however, appeared to be less restrictive than on virus attachment to cells (Table 4) .
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To ascertain the effect of NaCl concentration on virus penetration into cells, 0.01 M phosphate buffer solutions, pH 7.2, containing NaCl concentrations ranging from 0.01 to 0.5 m were added to cell monolayers immediately after virus attachment to cells. Buffer solutions were prewarmed to 35 C, the temperature condition selected for virus penetration. Maximal penetration of virus into cells occurred in 0.2 to 0.1 M NaCl solutions; the efficiency of virus penetration declined slowly at lower salt molarities (Fig. 6 ). Salt concentrations above 0.2 m markedly inhibited virus penetration.
Virus attachment and penetration in the presence of DEAE-dextran. The presence of the polycation, diethylaminoethyl (DEAE)-dextran, during the early stages of virus-cell interaction has been reported to increase the infectivity of several viruses (17, 18, 24, 32, 33, 41, 42) . It has been postulated that the action may involve either increased adsorption of virus to cells or enhanced penetration. The effect of DEAEdextran (mol wt, 2 X 106; Pharmacia Inc., Uppsala, Sweden) on cell attachment and penetration by influenza (A2/Japan) virus was de- Table 6 show that maximal virus attachment and penetration occurred in PBS and that the presence of DEAE-dextran was partially inhibitory to both these processes.
DISCUSSION
The immunofluorescent cell-counting technique employed for the assessment of influenza virus infectivity on the uniformly stable clone 1-5C-4 cell line proved highly amenable for quantitatively studying the early events of viruscell interaction. An important factor that may contribute to the overall high estimate of virus attached to cells using stationary incubation is the assay of the free virus content of residual inoculum. Generally, the quantity of virus that is attached at a given time is expressed as a percentage of the virus input; the latter is the sum of attached and free virus. As shown in Table 1 , free or unattached virus measured by a relatively inefficient virus attachment procedure resulted in an estimate of the original quantity of virus attached that was high and inaccurate. After stationary incubation for 2 h, residual inoculum contained more virus than was actually attached to cells initially. Prolonged incubation periods may also contribute to the inefficiency of virus attachment as well as to unrealistic estimates of the event. Attempts to achieve maximal adsorption of influenza virus to cells using stationary incubation (35 or 37 C) have fostered the use of incubation periods ranging from 2 to 5 h (4, 14, 20, 35, 36, 37) . The half-life of four representative influenza virus strains that were tested at 35 C ranged from 55.2 to 58.4 min ( Table 2) . This deleterious effect on virus viability is minimized by the rapidity of virus binding to cells when augmented by centrifugal force at 6 C. That stationary incubation is relatively inefficient for attaching virus to cells is further substantiated by the theory of Brownian movement as it relates to the arrival rate of virus particles in suspenision at the surface of a cell system. Virus in Brownian motion may take an average of 4 h to diffuse 0.1 mm, and several hours may elapse before half the virus particles reach the cell surface (43) . Because almost synchronous attachment of virus is achieved by using centrifugal force and attached virus may be held at the cell surface without penetration at 6 C, these two events may be delineated and their rates accurately measured.
The disappearance of virus from the supernatant fluid of virus-cell mixtures introduced onto cell monolayers has been postulated to be unaffected by the temperature of the reaction mixture (1, 2, 9, 12, 19, 26, 44) . The attachment of influenza virus to host cells was also independent of temperature. However, influenza virus attachment was pH-dependent; maximal binding occurred near neutrality. This suggests that chemical groups are involved in the event, most likely the amino groups of the virus and the strongly acidic phospholipid groups of the host cell (1). The pH-dependence for T phage attachment to Escherichia coli also showed a pH optimum indicative of carboxyl or amino groups as a prerequisite for attachment (40 (3, 7, 15, 22, 45) , may reflect the difficulty in isolating the penetration stage from the rest of the infective cycle (5). In this current study, the penetration of five representative strains of influenza virus into cells at 35 C proceeded at a linear rate and was complete within 15 min for all virus strains. Similar results were obtained with other animal viruses when attachment and penetration processes were delineated (11) (12) (13) . In contrast, to the temperature independency of the attachment reaction, the penetration of influenza virus, as noted with other virus-cell systems (9, 12, 15, 22, 27) , was temperature dependent. Fifty percent of attached virus penetrated into ceUs in 7.5 min at 35 C, whereas an equivalent quantity penetrated in 58 min at 26 C. Penetration was minimal at 6 C; 5% of attached virus penetrated into cells within 60 min.
The influence of pH on virus penetration, with maximal penetration occurring between pH 6.2 and 7.2, was less restrictive than on virus attachment, with maximal attachment occurring between pH 7.0 and 7.2. In contrast to the precipitous decline of virus attachment in the presence of NaCl concentrations less than 0.2 M, virus penetration declined more slowly at lower salt molarities (Fig. 6) . Maximal virus penetrated in the presence of 0.2 to 0.1 M NaCl and was minimal at salt concentrations greater than 0.2 M. Although virus penetration as it is affected by NaCl concentration cannot be presently explained, it would appear that the salt plays a role different from that postulated for virus attachment, i.e., electrostatic interaction.
The addition of DEAE-dextran during the early stages of virus-cell interaction has been shown to induce elevated plaque counts with many viruses (17, 18, 24, 32, 33, 41, 42) but exceptions have been noted (48) . Either increased adsorption of virus to cells because of an electrostatic interaction (1) or enhanced penetration as a result of reversible cell damage produced by the polymer (34) has been proposed for the mode of action by the polycation. When DEAE-dextran was incorporated into influenza virus inoculum, our results showed that both cell attachment and penetration by virus was partially inhibited. That the polycation masked or competed with virus for cellular binding sites during the virus attachment step may account for this phenomenon. The inhibitory effect on virus penetration by DEAE-dextran may be related to modification or inhibition of enzymes participating in the virus penetration step, or to a breakdown of virus-cell union resulting in virus elution. In view of reports that an increase in influenza virus plaque size and number resulted when DEAE-dextran was added to agar overlay medium (14, 36, 38) , it would appear that the action of the polycation in this system, as opposed to that in the present study, involves different mechanisms. That influenza virus plaque development was improved when DEAEdextran was used to complex sulfated polysaccharides in agar (38) serves to substantiate this hypothesis. Willis et al. (48) recorded some paradoxical observations on the effect of DEAEdextran on epizootic hemorrhagic disease virus infectivity; the polycation included in an agar overlay decreased plaque counts. However, the counts were increased when the polycation was added to the virus-cell suspension. In view of the data, generalizations on the mechanism of action relative to the favorable or adverse effect of polycations on the infectivity of intact viruses are presently difficult to formulate. 1957. The primary interaction of poliomyelitis
